Crossed characterisation of polymerlayered silicate (PLS) nanocomposite morphology: TEM, Xray diffraction, rheology and solidstate nuclear magnetic resonance measurements SAMYN, F, BOURBIGOT, S, JAMA, C, BELLAYER, S, NAZARE, S, Hull, T Richard, CASTROVINCI, A, FINA, A and CAMINO, G Available at http://clok.uclan.ac.uk/1134/ SAMYN, F, BOURBIGOT, S, JAMA, C, BELLAYER, S, NAZARE, S, Hull, T Richard, CASTROVINCI, A, FINA, A and CAMINO, G (2008) 
Introduction
Polypropylene, polyamide 6 and poly(butylene terephtalate) are three thermoplastics of the greatest interest on an industrial point of view and this for different reasons. With around 18 % of the world plastic consumption, polypropylene is one of the most used commodity polymers representing a huge market. As engineering polymers, polyamide 6 and poly(butylene terephtalate) only represents few percents of the global polymer consumption but their high added value constitutes the driving force promoting their industrial development.
With the emergence of the nanotechnology, these polymers have widened their respective application fields. Indeed, the use of nanoparticules in polymer is an effective way to improve some properties such as mechanical 1,2,3,4 , barrier 5, 6 , thermal 7 and in some cases fire 8, 9 properties.
Among the different nanoparticules that have proved their efficiency, lamellar nanoclays and particularly montmorillonite (MMT) have a leading position. This is probably due to the large range of organomodified MMT commercially available as well as their moderated cost compared with other still expansive particles such as POSS and carbon nanotubes. In our study, we will focus on silicate layered nanocomposites.
If lamellar clay nanocomposites exhibit good properties, their achievement is closely linked to the quality of dispersion of the nanoparticles in the polymer. Two difficulties appear at the preparation stage: the control of processing conditions in order to reach nanodispersion and how to accurately characterise the dispersion state achieved.
Different synthesis pathways have been envisaged to synthesize a nanocomposite:
intercalation of polymer or prepolymer from solution, in situ intercalative polymerisation or melt intercalation. Industrially the melt intercalation also named melt blending appears to be the more appealing method: it is the more rapid way to produce nanocomposites, it does not use solvent, and contrary to the other synthesis routes it enables a continuous processing. This pathway is so industrially favoured and has been used in this study. However it is to notice that in such processing, the conditions used play a very important role 10 . The nature of the clay, the organic cation selected as surfactant to compatibilize the clay with the matrix 11 , the characteristics of the polymer such as the molecular weight 12 strongly affect the dispersion of the clay.
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Depending on all these factors, three main morphologies of polymer-layered silicate composite will be encountered ( Figure 1 ). When the nanofillers have very few affinities with the polymer, the platelets remain in their initial organisation creating microparticles into the polymeric matrix. Then by increasing the compatibility between the two phases, it is possible to obtain nanocomposite morphologies. Intercalated structure will designate structure in which some polymer chains are inserted into the platelets but it still remains in general in an organisation gathering several platelets. In the ideal case, all the platelets are completely separated the ones from the others. This last case describes the delaminated or exfoliated morphology. In the majority of the polymer nanocomposites formed, a combination of delamination and intercalation is obtained.
Layered clay
Monomer Polymer Polymer One important issue when a clay polymer composite is formed, is then to characterise the dispersion obtained. The literature describes characterisation of the morphology using a lot of different techniques. If Transmission Electron Microscopy (TEM) and X-Ray Diffraction (XRD) are among the most widely used, methods such as melt Rheology, solidstate NMR, Fourier Transformed-Infrared (FT-IR), small-angle neutron scattering (SANS), ultra-small-angle neutron scattering (USANS), small-angle X-ray scattering (SAXS), and high-resolution transmission electron microscopy (HR-TEM), atomic force microscopy 5 (AFM) are also mentioned. Each method possesses its advantages and drawbacks and provides a specific piece of information about the dispersion. With such a variety of tools available, which of these techniques have to be used to obtain the more complete and accurate description of the dispersion?
The purpose of this paper is to give some keys to choose the most appropriate technique of characterisation. That is the reason why, the first part of this paper is devoted to a critical overview of the different characterisation methods based on the published literature.
Then XRD, TEM, melt rheology and NMR measurements will be applied concomitantly to evaluate the dispersion achieved in PA6, PBT and PP organo-clay composites prepared by direct melt blending. A discussion about the results obtained from each techniques will follow this complete characterisation to finally lead to some recommendations on how to accurately characterise nanocomposite.
Methods for characterising nanodispersion
This first part is dedicated to a critical overview of the existing characterising methods described in the nanocomposite literature. The aim of this part is not to give an exhaustive list of all available methods, but only to describe some of them and to expose their limitations.
Imaging method
TEM is classically used to analyse qualitatively the dispersion of polymer layered silicate nanocomposites (PLSN). However image analysis procedure can be used to quantify the dispersion from TEM pictures. Vermogen et al 13 deduce different parameters which give detailed information and allow a very fine description of the microstructure (Figure 2 ). The average thicknesses, lengths, and aspect ratios of each class of tactoids could be measured as well as their relative proportions and the average distances between two adjacent tactoids. (Table 1) . there are uncertainties about the interlayer distance measured. Clay dilution as well as parameters that can induced peak broadening can lead to the disappearance of diffraction peak resulting in the false conclusion that exfoliation has occurred. On contrary, preferred orientation effects can make think that exfoliation has not occurred. In conclusion when no peak is detected it can not be directly attributed to a complete exfoliation of the clay platelets into the polymer matrix. A disorganisation of the clay structure will also results in the disappearance of the peak even if the delamination is not achieved. That is the reason why in general, XRD analysis is not used alone in studies to deduce the nanocomposite morphology.
TEM and XRD are often coupled to ensure the conclusion done from the separated analysis.
Small-angle X-ray scattering (SAXS) can be used to characterize changes in the gallery height of the clay and monitor the morphology formation in the polymer layered silicate nanocomposites. SAXS data are can be presented in terms of intensity, I, as a function of q, the magnitude of the scattering vector. q is given by the relation:
where the scattering angle is 2 and is the wavelength of the radiation.
The length scale, d, corresponding to a given value of q is given by the following equation:
and the associated gallery height, h, is given by:
In this characterising method, two different phenomena can be observed: a reduction of the scattering intensity and a shift of the scattering maxima. They can be interpreted as follows:
the reduction of the scattering intensity indicates that the clay structure becomes quite exfoliated by the polymer chains and the shift of the scattering maxima to lower q values suggests that intercalation occurs. SAXS presents the same drawbacks than XRD, that is to say when no peak is observed no conclusion can be made and other technique need to be used.
Melt rheology:
Melt rheology has been discussed at length as a method to characterise polymer-clay where A is a sample specific pre-exponential factor, the apparent viscosity, the shear rate and n the shear thinning coefficient. They concluded that the shear thinning exponent n is a semi-quantitative measure of the degree of exfoliation and delamination. However, there is no obvious relation between the shear thinning exponent n and the degree of delamination. The average number of nanoplatelets per tactoid for a given nanocomposite cannot be calculated from n.
Solid state NMR:
The NMR methodology to assess the nanodispersion degree has been developed at the Table 2 summarizes the materials used in this work as well as the suppliers of the products and the chemical formula. 
Experimental

Materials
Sample preparation
The materials (Table 3) were prepared by melt blending using an American Leistritz Extruder Model ZSE 27. This extruder has a 27 mm co-rotating intermeshing twin screw with 10 zones and a length/diameter ratio of 40. The extruder design and the temperature profile are given in Figure 5 and Table 4 . The polymer pellets were introduced in the first zone and the nanofiller in the third zones with a side gravimetric feeder (screw speed 180 rpm). For all the formulations, both the polymer and the nanocomposite materials were prepared using this device with a screw speed of 200 rpm and a feed rate of 10 kg/h. The material obtained is then pelletized. 
Characterisation
Transmission Electron spectroscopy
All samples were ultra microtomed with a diamond knife on a Leica ultracut UCT microtome, at room temperature for PP, PBT samples and at cryo temperature (-120°C) for PA6 samples, to give sections with a nominal thickness of 70 nm. Sections were transferred to Cu grids of 400 meshes. Bright-field TEM images of nanocomposites were obtained at 300 kV under low dose conditions with a Philips CM30 electron microscope, using a Gatan CCD camera. Low magnification images were taken at 17 000x and high-magnification images were taken at 100 000x.
The materials were sampled by taking several images of various magnifications over 2-3 sections per grid to ensure that analysis was based on a representative region of the sample.
EDX microanalysis were performed with a FEI Tecnai G2 20 transmission electron microscope at 200kV.
X-ray diffraction (XRD)
XRD analyses were conducted at ambient temperature using a Philips X'Pert X-ray diffractometer (( (Cu K ) = 1.540562 Å) in configuration 2-theta/ theta on slabs of materials.
XRD spectra were recorded in the 1.5° -10° 2 range with a step of 0.02°, a step time of 2.5s. A schematic diagram of the rheometer in the parallel plate configuration is shown in Figure 6 . Three closely spaced 90° pulses accomplished the saturation.
As a semi empirical approach to analysis, these saturation-recovery curves were fit to a two-exponential equation according to:
where M(t) is the magnetization at time t; M 0s and M 0l are the magnetization of the short and long components, respectively, and; T 1s H and T 1l H are the proton longitudinal relaxation times of the short and long components, respectively. Objects gathering a limited number of platelets are present in the material with a distance between the platelets which suggests that intercalation occurs. The PP material exhibits a complex structure with a few exfoliated platelets and big tactoids.
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The platelets in the tactoids only present a slight degree of intercalation. 
PS/VB16
28 . The important parameter obtained from the reference sample is (T 1 H ) S , which was determined determined to be 2.5 ms at 400 MHz. We also stated that T 1l H is a relative indicator of the homogeneity of homogeneity of the distribution of the actual polymer-clay interfaces in the nanocomposite. We can We can compute, using our model calculation, an apparent spacing, app that matches the T 1l H obtained obtained from the experimental curves. We can then compare app with f , the spacing in an ideally ideally layered structure that has a surface area f times the amount expected from full exfoliation. Thus, exfoliation. Thus, we define a parameter, e= f / app , to be a qualitative monitor of the inhomogeneity of the inhomogeneity of the distribution of clay where poor homogeneity would correspond to e 1 and good and good homogeneity would yield e=1. The values of f and e are presented in Table 5 . According to these results, three kinds of morphologies are obtained depending on the 
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Discussion
Three composites based on polymers and nanoclays have been prepared by melt blending and then analysed by XRD, melt rheology and NMR measurements and TEM. Different levels of dispersion have been achieved and confirm unambiguously by the four techniques.
The dispersion of Cloisite 30B in the nanocomposite based on PA6 has been fully investigated. The X-Ray diffraction analysis has highlighted the disappearance of the lamellar structure of the clay leading to the assumption that an exfoliated morphology was probably Moreover this study expands the application field of the NMR method to define the morphology of nanocomposites to two other polymeric matrices (PP and PBT) and the confrontation with the other tests validates unambiguously the results.
Conclusion
Overview of the literature and investigation of the methods to characterize the dispersion in polymer nanocomposites done in this work permit us to make recommendations to completely investigate the nanodispersion. . Their advantages and weaknesses have been reminded and experimentally tested on three nanocomposites. TEM has been used to qualitatively characterise the dispersion. It is a very effective method for such analysis and it can even be quantitative thanks to image analyses but its major drawback lies in the scale of the analysis. A picture is not representative of the whole sample and many pictures have to be analysed to mirror the global repartition of the clay. So it remains a very time consuming method. XRD is particularly adapted to the study of intercalated morphology of nanocomposite since the distance between two platelets can be calculated. The limitation of this technique appears when no peak is detected. In this case no direct conclusion can be done and the result has to be confirmed using a second characterising method. Melt rheology and solid state NMR are bulk analyses. During the measurement the sample is representative of the material. Rheology appears to be simple to realize and the results are rapidly obtained.
Moreover a classification of the sample according to the dispersion state can be established.
NMR is also a quite rapid and easy method and overall it is quantitative measurements.
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